A new stable state of matter may still be undiscovered. While the vast majority of known hadrons can be described as either quark-antiquark or three-quark combinations, other multi-quark possibilities are allowed by quantum chromodynamics (QCD). Among those, the sixquark configuration uuddss is of particular interest, as it may be a deeply bound, stable system as proposed by Farrar [1] . This state, tentatively named S [2] , is a spin 0, flavor singlet boson with quantum numbers Q = 0, B = 2, and S = −2. Unlike any other six-quark configuration, its spatial wave function is completely symmetric; generic arguments imply that it should be the most tightly bound state of its class (see e.g. Ref. [3] ). This property was noticed by Jaffe 40 years ago [4] . He predicted the existence of a loosely bound uuddss state with a mass close to 2150 MeV [5] , dubbed the H-dibaryon. As its mass is above the m p + m e + m Λ = 2055 MeV threshold, the H-dibaryon would have a typical weak interaction lifetime. Numerous negative experimental results were taken as evidence against such a particle, including observations of doubly strange hypernuclei decays [6, 7] , searches for narrow Λpπ − resonances in Υ decays [8] and direct searches for new neutral particles (see e.g. Ref. [9] [10] [11] [12] [13] ).
The situation is markedly different if the potential is deeply attractive. Below m S = 2055 MeV, the uuddss configuration acquires a cosmological lifetime, as its decay would have to proceed via doubly-weak interactions, and it is absolutely stable if m S < 2(m p + m e ) = 1878 MeV. Intriguingly, recent lattice QCD investigations suggest the possibility of a strongly bound B = 2, S = −2 state [14] , though the calculations need further improvements to provide a definitive answer. Neither hypernuclei decays nor direct searches for long-lived neutral states have excluded such a possibility so far (the latter were limited to masses above ∼ 2 GeV due to the large neutron background [13] ).
Although not all authors agree (see e.g. Ref. [15] ), a stable six-quark state might also have cosmological implications. If dark matter is composed of nearly equal numbers of u, d, and s quarks, its formation rate is driven by the quark-gluon plasma transition to the hadronic phase and the quark and anti-quark abundances. As the same source is also responsible for determining the residual amount of ordinary matter in the universe, this framework would explain both the dark matter density and the baryon asymmetry, two seemingly unrelated quantities. A specific realization of this scenario, six-quark dark matter with m S ∼ 1860 − 1880 MeV, can reproduce the observed ratio of dark matter to ordinary matter densities within ∼ 15% [16] .
Being a flavor singlet, the S particle does not couple to pions or other mesons. The S-nucleon interaction crosssection is expected to be suppressed compared to that of nucleon-nucleon interactions, and its production rate is several orders of magnitude below that for neutrons. Given that a low-mass S is difficult to kinematically distinguish from a neutron, these attributes might explain why this state has escaped detection so far. Despite these difficulties, several search strategies have been proposed. Among them, the exclusive decay Υ → SΛΛ [17] stands out for its simplicity and robustness. The short-distance nature of the gluonic source increases the overlap with the compact S wave function, enhancing its production rate compared to other mechanisms involving baryons. Heuristic arguments suggest an inclusive six-quark production rate in Υ (1S, 2S, 3S) decays at the level of 10 −7 , albeit with significant uncertainties. No specific prediction for the exclusive SΛΛ final state has been made so far, though this channel could conceivably account for a large fraction of the total production rate.
We report herein the first search for a stable, doubly strange six-quark configuration produced in Υ (2S, 3S) decays [18] . For completeness, we probe the entire mass range compatible with a stable state: 0 GeV < m S < 2.05 GeV. The analysis is based on a sample containing 90 × 10 6 Υ (2S) and 110 × 10 6 Υ (3S) decays collected with the BABAR detector at the PEP-II asymmetric-energy e + e − collider operated at the SLAC National Accelerator Laboratory. The integrated luminosity of the Υ (2S) and Υ (3S) samples are 14 fb −1 and 28 fb −1 , respectively [19] . Additional samples of 428 fb −1 collected at the Υ (4S) peak, as well as in the vicinity of the Υ (2S, 3S) resonances, are used to estimate the background. The BABAR detector is described in detail elsewhere [20, 21] . To avoid experimental bias, we examine the data signal region only after finalizing the analysis strategy.
Simulated events are used to optimize the selection procedure and assess the signal efficiency. Signal events are generated for 0 GeV < m S < 2.2 GeV in steps of 0.2 GeV. The S angular distribution is simulated using an effective Lagrangian based on a constant matrix element for the different arrangements of angular momentum between the final state particles, assuming that angular momentum suppression effects are small [22] (see appendix for a detailed description). A second model based on a phase space distribution is used to assess systematic uncertainties. The interaction between six-quark states and matter is expected to be similar to that of neutrons, albeit with reduced cross-sections. For the purpose of simulating the signal, we model these interactions similarly to those of neutrons. As an extreme alternative, we simulate six-quark states as non-interacting particles, and we assign the difference between these two models as a systematic uncertainty. To study the background, we generate generic Υ (2S, 3S, 4S) decays with EvtGen [23] , while the continuum e + e − →(q = u, d, s, c) background is estimated using a data-driven approach described below. The detector acceptance and reconstruction efficiencies are determined using a Monte Carlo (MC) simulation based on GEANT4 [24] . Time-dependent detector inefficiencies and background conditions, as monitored during data-taking periods, are included in the simulation.
We select events containing at most 5 tracks and two Λ candidates with the same strangeness, reconstructed in the ΛΛ → pπ − pπ − final state with 1.10 GeV < m pπ < 1.14 GeV. One additional track not associated with a Λ candidate with a distance of closest approach from the primary interaction point (DOCA) larger than 5 cm is allowed to account for particles produced from secondary interactions with the detector material. The (anti)protons must be selected by particle identification (PID) algorithms. This requirement, which is approximately 95% efficient for identifying both protons and antiprotons, removes a large amount of background from four-pion final states. To further improve the signal purity, the Λ flight vector is measured as the distance between the primary interaction point and the Λ decay vertex. The flight significance of each Λ candidate, defined as the length of this vector dived by its uncertainty, must be larger than 5. The cosine of the angle between the Λ momentum and the flight vector must also be greater than 0.9. In addition, the total energy of clusters in the electromagnetic calorimeter not associated with charged particles, E extra , must be less than 0.5 GeV. To account for possible interactions between the S candidate and the calorimeter, the sum excludes clusters that are closer than an angle of 0.5 rad to the inferred S direction. Moreover, the distance between the cluster and the proton is required to be greater than 40 cm to reduce the contribution of cluster fragments. The E extra distribution after applying all other selection criteria is shown in Fig. 1 . The selection procedure is tuned to maximize the signal sensitivity, taking into account the systematic uncertainties related to S production and interaction with detector material in the calculation. The pπ − mass distribution obtained after applying these criteria is shown in Fig. 2 . A total of 8 Υ → SΛΛ candidates are selected.
The events are then fit, imposing a mass constraint to each Λ candidate and requiring a common origin, compatible with the beam interaction point within its uncertainty. We select combinations with The continuum e + e − →(q = u, d, s, c) background is estimated from the data collected at the Υ (4S) peak. This data sample contains contributions from both continuum and Υ (4S) events. The latter is evaluated from the generic Υ (4S) MC sample and found to be negligible, as those decays tend to have higher multiplicity and are much more suppressed than continuum production by our selection. The data collected at the Υ (4S) resonance are therefore a good representation of the continuum background.
The Υ (2S, 3S) background components are estimated from the corresponding MC simulations. The contributions are normalized using sideband data obtained by applying all the selection criteria previously described but requiring E extra to be greater than 0.5 GeV instead of below that threshold. The Υ (2S, 3S) MC components are found to underestimate the observed pπ yield, and we adjust their overall normalizations to improve the agree- 1 1.105 1.11 1.115 1.12 1.125 1.13 1.135 1 The distribution of the pπ invariant mass, m(pπ), before performing the kinematic fit for the combined Υ (2S) and Υ (3S) data sets, together with various background estimates. All other selection criteria are applied. Continuum background is scaled from Υ (4S) data using integrated luminosity; the Υ (2S, 3S) MC are normalized using Eextra sideband data. Two entries per event are plotted.
ment with the data. The resulting correction factors are then used throughout the analysis.
A data-driven estimate of the background is also derived from the sideband data. Similarly to signal events, this sample contains predominantly two real Λ particles with additional (undetected) particles. Since the difference in E extra is essentially due to the interaction of those particles with the calorimeter, sideband data provide a good approximation of the expected background in the signal region. The corresponding recoil mass distribution is displayed in Fig. 3b . Both MC and data-driven methods predict a negligible background in the signal region.
The efficiency as a function of the S mass is derived from the corresponding MC sample. For each mass hypothesis, we define a signal region in the m 2 rec distribution as the symmetric interval around the nominal S mass containing 99% of the reconstructed S candidates. Its typical size is of the order of 2.5 GeV 2 . The efficiency rises from 7.2% near threshold to 8.2% near m S = 2 GeV, and is well approximated by a second order polynomial. The efficiency is mainly driven by the detector acceptance and the Λ → pπ branching fraction.
The main uncertainties on the efficiency arise from the the modeling of the Υ → SΛΛ angular distribution and the limited knowledge of the S-matter interactions. The former varies between 4% to 15%, assessed by comparing the predictions based on the simplified Lagrangian to those obtained using a phase space distribution for Υ decays. The latter is estimated by using simulations modeling the S as a neutron or a non-interacting particle. The corresponding uncertainties ranges from 8% The distribution of the recoil mass squared against the ΛΛ system, m 2 rec , after performing the kinematic fit for the combined Υ (2S) and Υ (3S) data sets, together with various background estimates for (a) the Eextra < 0.5 GeV signal region and (b) the Eextra > 0.5 GeV sideband data sample. A signal spectrum assuming mS = 1.6 GeV and a branching fraction B(Υ → SΛΛ) = 1 × 10 −7 is shown as an example. Continuum background is scaled from Υ (4S) data using integrated luminosity; the Υ (2S, 3S) MC are normalized using Eextra sideband data.
to 10%. A systematic uncertainty of 8% is included to account for the difference in Λ reconstruction efficiencies between data and MC, determined from control samples in data [25] . Both the uncertainty on the Λ → pπ branching fraction (1.6% [26] ) and the limited MC statistics (∼ 1.5%) are also propagated.
In the absence of a significant signal, we derive 90% confidence level (CL) upper limits on the Υ (2S, 3S) → SΛΛ branching fractions, scanning S masses in the range 0 GeV < m S < 2.05 GeV in steps of 50 MeV (approximately half the signal resolution). For each mass hypothesis, we evaluate the upper bound on the number of signal events from the m method [27] . This approach treats the background as a Poisson process whose unknown mean is estimated from the number of observed background events, set to zero in this instance. Systematic uncertainties are included by modeling the signal efficiency as a Gaussian distribution with the appropriate variance. In addition to the contributions previously described, the limits include an additional uncertainty of 0.6% associated with the uncertainty on the number of Υ (2S) and Υ (3S) decays. The results are shown in Fig. 4 for the Υ (2S) and Υ (3S) data sets, as well as the combined sample assuming the same partial width.
In conclusion, we performed the first search for a stable uuddss configuration in Υ decays. No signal is observed, and 90% CL limits on the combined Υ (2S, 3S) → SΛΛ branching fraction of (1.2 − 1.4) × 10 −7 are derived for m S < 2.05 GeV. These results set stringent bounds on the existence of a stable, doubly strange six-quark state.
